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Abstract

Basic-region leucine-zipper transcription factors (bZIPs) contain a segment rich in basic amino acids

that can bind DNA, followed by a leucine zipper that can interact with other leucine zippers to form

coiled-coil homo- or heterodimers. Several viruses encode proteins containing bZIP domains,

including four that encode bZIPs lacking significant homology to any human protein. We investigated

the interaction specificity of these four viral bZIPs by using coiled-coil arrays to assess self-

associations as well as hetero-interactions with 33 representative human bZIPs. The arrays

recapitulated reported viral-human interactions and also uncovered new associations. MEQ and HBZ

interacted with multiple human partners and had unique interaction profiles compared to any human

bZIPs, whereas K-bZIP and BZLF1 displayed homo-specificity. New interactions detected included

HBZ with MAFB, MAFG, ATF2, CEBPG, and CREBZF, and MEQ with NFIL3. These were

confirmed in solution using circular dichroism. HBZ can hetero-associate with MAFB and MAFG

in the presence of MARE-site DNA, and this interaction is dependent on the basic region of HBZ.

NFIL3 and MEQ have different yet overlapping DNA-binding specificities and can form a

heterocomplex with DNA. Computational design considering both affinity for MEQ and specificity

with respect to other undesired bZIP-type interactions was used to generate a MEQ dimerization

inhibitor. This peptide, anti-MEQ, bound MEQ both stably and specifically, as assayed using coiled-

coil arrays and circular dichroism in solution. Anti-MEQ also inhibited MEQ binding to DNA. These

studies can guide further investigation of the function of viral and human bZIP complexes.

Many viruses hijack cellular machinery by using viral proteins to interact with host proteins.

Viruses can incorporate host protein domains into their genomes for this purpose, as is the case

for several viruses that use BCL-2 homologs to prevent apoptosis. Viral host-derived protein

domains often make interactions similar to those of their homologues, although these can occur

in a misregulated manner (1). Alternatively, host-derived protein domains can diverge from

their cellular counterparts, such that they retain little sequence similarity. In such cases, virus-

host protein interactions can be expected to differ markedly from corresponding host-host

complexes (2).

The bZIP transcription factors are a large class of proteins found in most eukaryotic organisms.

Named for their DNA-binding and dimerization domain, bZIP proteins interact with DNA site-

specifically via a region of conserved basic amino acids. Immediately C-terminal to the basic

region is the leucine zipper, a coiled coil that mediates the formation of homodimeric or

heterodimeric complexes. The dimerization specificity of the leucine zippers allows for

combinatorial interactions that can influence DNA binding and thus transcriptional regulation

(3,4). Given the importance of protein partnering specificity for the function of the bZIPs, a
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high-throughput protein array assay was used to determine the global in vitro interaction

profiles of most human bZIPs. The coiled-coil microarray assay used for this purpose was

shown to identify most reported interactions, and the relative stabilities of interactions

measured on the arrays were also shown to agree well with solution measurements (5,6).

Proteins containing bZIP domains have been identified in several viruses. Three human bZIP

proteins, JUN (cJun), FOS (cFos), and MAF (cMaf), occur in an altered form in oncogenic

avian and murine retroviruses. These homologous viral bZIPs maintain the protein

dimerization properties of the human proteins and are oncogenic because of altered regulation

(7-9). Four viral bZIPs that have little homology to human bZIPs have also been identified,

and although several interactions with host proteins have been reported, global investigation

of the interactions of these proteins with host bZIPs is lacking.

Human T-cell leukemia virus type 1 is a retrovirus that causes adult T-cell leukemia; it encodes

the bZIP protein HBZ (reviewed in (10)). HBZ has been shown to repress both viral and cellular

gene expression. A recent study suggests that in addition to the role of the HBZ protein in

disease progression, the mRNA of HBZ promotes proliferation (11). Interactions have been

reported between HBZ and many human bZIPs both in vivo and in vitro including ATF4, JUN,

JUNB, JUND, CREB1, ATF1, and CREM (12-15). HBZ has been shown to form complexes

with JUN, JUNB, CREB1, and ATF4 and to prevent these proteins from binding DNA. In

contrast, HBZ has been reported to increase the transcriptional activity of JUND (13).

MEQ is encoded by Marek's disease virus (MDV), an oncogenic herpes virus that infects

chickens. The disease is estimated to cost the US poultry industry one billion dollars annually

(reviewed in (16)). MEQ has been demonstrated to be largely responsible for the oncogenic

properties of MDV (17-19). MEQ can self-associate as well as interact with a variety of other

bZIPs in vitro including: JUN, JUNB, CREB1, ATF1, ATF2, ATF3, FOS, and BATF3 (17,

20-22). Additionally, MEQ has been shown to bind JUN in vivo, and JUN is required for MEQ

to transform cells (18,20).

Two gammaherpesviruses are reported to encode bZIP-containing proteins. These viruses are

implicated in several proliferative disorders in humans. Epstein-Barr virus encodes BZLF1

(ZEBRA, Zta, Z, EB1) and is associated with Burkitt's lymphoma, Hodgkin's disease, and

nasopharyngeal carcinoma. Kaposi's sarcoma-associated herpesvirus encodes K-bZIP (K8,

RAP) and is involved in Kaposi's sarcoma, primary effusion lymphoma, and multicentric

Castleman's disease (reviewed in (23,24)). These two proteins are positional homologs and

also share low sequence similarity with one another (25). BZLF1 is responsible for triggering

the switch from latent to lytic infection by binding sites within the viral genome and causing

transcriptional activation of many genes. It is also involved in viral replication (26,27). Over-

expression of K-bZIP does not cause virus reactivation, but K-bZIP is necessary for viral

replication as well as the repression and activation of many genes within the viral genome,

though not always through direct binding to promoters (28,29). BZLF1 and K-bZIP both

interact with many viral and cellular proteins including the human bZIP CEBPA (C/EBPα)

(30). Interestingly, the interaction with CEBPA for both BZLF1 and K-bZIP is proposed to

involve higher order oligomers rather than just dimers (31,32). Recently, the crystal structure

of BZLF1 was solved showing that a C-terminal region adjacent to the leucine zipper folds

back and stabilizes the coiled-coil structure, significantly stabilizing the homodimer (33). K-

bZIP has been shown to self associate through its leucine zipper, but this homomeric interaction

was reported to be one of higher order oligomers (25,32).

Given the importance of both human and viral bZIPs to human health, several strategies have

been used to generate inhibitors that can prevent dimerization and/or DNA binding. One

approach is to use the leucine zipper of a homodimerizing bZIP as a dominant negative. The
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utility of this approach has been demonstrated in the context of BZLF1. Using a peptide that

consisted of only the leucine zipper of BZLF1, (34) Hicks et al. showed that BZLF1 could be

prevented from binding DNA. However, the EC50 for the peptide was high micromolar. A

possible disadvantage of using native leucine-zipper peptides as inhibitors is that these may

associate with bZIPs other than the desired target. Recently, we reported a computational

design method for obtaining peptides that interact specifically with leucine zippers and applied

it to a range of human targets. Out of the 20 human bZIP families, peptides were designed that

successfully interacted with 19. Of these 19, 8 designs bound to their target family stronger

than to any other family (5).

Here we report all pair-wise interactions of four bZIP peptides derived from viral proteins with

33 human bZIP proteins measured using peptide microarrays. We identified several new

interactions for both MEQ and HBZ, and these interactions were confirmed using circular

dichroism and gel-shift assays. Additionally, we designed a peptide, anti-MEQ, to serve as a

MEQ dimerization inhibitor. We demonstrate that this peptide binds specifically to MEQ and

can prevent MEQ from binding DNA.

Experimental Methods

Plasmid construction, protein expression and purification

Human protein constructs used for array experiments have been previously described and are

listed in Table S1 (5,6). Synthetic genes encoding the leucine zipper regions of HBZ, MEQ,

BZLF1, K-bZIP, anti-MEQ and the full bZIP domains of MAFB, HBZ, and MEQ were

synthesized using DNAWorks to design primers and a two-step PCR method to anneal them

(35). The bZIP domains of CREBZF and ATF2 were cloned from plasmids acquired from

Open Biosystems (36) and NFIL3, JUN, CEBPG and MAFG were cloned from plasmids

obtained from PlasmID (37). These proteins were cloned into modified versions of a pDEST17

vector. Proteins were expressed in RP3098 cells and purified under denaturing conditions using

Ni-NTA followed by reverse-phase HPLC as described previously (5,6). A tagless version of

anti-MEQ used for gel-shift and CD studies was constructed by cloning into pSV282

(Vanderbilt University Medical Center, Center for Structural Biology). The 6XHIS-MBP-anti-

MEQ fusion protein was expressed in RP3098 cells by growing a 1 L culture in LB at 37 °C

and inducing at 0.5 OD by adding 1 mM IPTG and growing for 4 hours. The fusion protein

was purified under native conditions by binding to Ni-NTA resin (Qiagen) and eluted by adding

8 ml buffer (300 mM imidazole, 20 mM TRIS, 500 mM NaCl, 1 mM DTT, pH 7.9). The fusion

protein was then dialyzed overnight into TEV cleavage buffer (50 mM TRIS, 50 mM NaCl, 1

mM DTT, 0.5 mM EDTA, pH 7.5) and then cleaved by adding 100 μl TEV protease (1mg/ml)

for 3 hours at 18-22 °C. This mixture was then added to Ni-NTA resin and the flow-through

collected. The anti-MEQ peptide was further purified using reverse-phase HPLC. The

molecular weights of the peptides were confirmed by mass spectrometry. Protein sequences

generated for this study are listed in Table S1.

Coiled-coil arrays

Array experiments were performed as described previously (5). The average background-

corrected fluorescence values for all measurements are listed in Table S2. Two measures used

to report fluorescence intensities in the figures are Sarray and arrayscore. These are defined in

references (5) and (38), respectively. Sarray was calculated using the equation

 where a was the average fluorescence intensity of a protein

on the surface and ã was the median signal for all proteins on the surface interacting with the
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same solution probe, N was the number of proteins on the surface, and Na<ã was the number

of proteins with a value a below the median. The arrayscore values were calculated using the

equation −log(F/Fmax) where F was the average fluorescence intensity of each protein on the

surface minus the median signal for all proteins on the surface interacting with the same solution

protein and Fmax was the maximum F.

Circular dichroism

Circular dichroism experiments were performed as described previously (5). ãThe

concentrations used for each experiment are listed in the figure legends. Thermal dentaturations

were measured from 0 to 65 °C and all were reversible with all complexes having differences

in Tm of less than 3 °C upon refolding. The buffer for CD measurements of MEQ was PBS

(12.5 mM potassium phosphate (pH 7.4) and 150 mM KCl) with 1mM DTT. For measurements

of HBZ the buffer also included 200 mM GdnHCl and 0.25 mM EDTA.

Phylogenetic analysis

An unrooted phylogenetic tree was constructed using the neighbor-joining method for the 53

human and 4 viral bZIP leucine-zipper regions as described previously (5). For comparison of

chicken and human sequences, each human bZIP was used to BLAST the G. gallus genome

and 41 chicken bZIPs were identified. Leucine-zipper regions were defined as previously

reported (6). Families were defined according to evolutionary conservation and interaction

profiles, as in (6,39).

Gel-shift assay

DNA probes for the AP-1, TFIID, and NF-κB sites were obtained from Promega. Other probes

were based on literature-defined sequences (MARE (40), CAAT (41), CRE1 (20), CRE2

(42), MDVORI (20)), ordered as PAGE-purified oligos (IDT) and then annealed. Probes were

end labeled with [γ-32P]ATP using PNK (NEB). Proteins were incubated for 3 hours at 18-22

°C in gel-shift buffer (50 mM KCl, 25 mM TRIS pH 8.0, 0.5 mM EDTA, 2.5 mM DTT, 1 mg/

ml BSA, 10% (v/v) glycerol, 0.1 mg/ml competitor DNA (Poly (I)·Poly (C) (GE)).

Radiolabeled DNA was then added and incubated for 1 hour at 18-22 °C. Radiolabeled DNA

was at a final concentration of 0.7 nM, except for experiments in Figure S4 where the final

concentration was 20 nM. Protein/DNA mixtures were loaded on NOVEX DNA retardation

gels (Invitrogen) using 0.5× TBE buffer and run at 200-300V for 15-25 minutes. For complexes

involving JUN proteins, the buffer was pre-cooled to 4 °C to prevent complex dissociation.

Gels were dried and imaged using a phosphorimaging screen and a Typhoon 9400 imaging

system.

Computational design of anti-MEQ

Anti-MEQ was designed using CLASSY with the HP/S/Ca energy function as previously

reported (5). 46 human proteins and design homodimerization were used as negative design

states.

Results

Four unique bZIPs are encoded by viral genomes

There are four bZIPs of viral origin described in the literature that are not closely related to

any human bZIP. These are MEQ, HBZ, BZLF1, and K-bZIP. To compare these proteins to

the human bZIPs, a phylogenetic tree was constructed using the leucine-zipper regions of the

four viral proteins as well as 53 human bZIPs (Figure 1A). According to this analysis, all four

viral bZIPs are quite diverged from human bZIPs. The sequences of the 4 viral bZIPs are aligned

to several representative human sequences in Figure 1B. Human bZIPs have a highly conserved
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basic region consisting of the motif (R/K)XX(R/K)N(R/K)XAAXX(S/C)RX(R/K)(R/K)

(43), and a striking feature of the basic-region alignment is the presence of an invariant

asparagine in almost all human bZIPs. The only two human families that do not have this

asparagine are CREBZF (ZF, Zhangfei) and DDIT3 (CHOP), which are not known to bind

DNA as homodimers but can bind as heterodimers (44, 45). An arginine, separated by 8

residues from the conserved asparagine, is strictly conserved in all human bZIPs. Both MEQ

and BZLF1 conform well to this conserved motif and include the key asparagine and arginine

residues. In contrast, the basic regions from HBZ and K-bZIP poorly match the basic-region

motif, and neither contains the key conserved asparagine or arginine. The leucine-zipper

regions of human bZIPs are 4-7 heptads long and are characterized by strong conservation of

leucine every 7 amino acids. MEQ, HBZ, and to a lesser extent K-bZIP, have mostly canonical

leucine-zipper regions. On the other hand, BZLF1 has a very short leucine zipper that is non-

canonical, with only one coiled-coil d-position leucine (coiled-coil residues are traditionally

labeled a-f, with a and d largely buried in the core, e and g on the periphery and b, c and f on

the outside of the helical complex). BZLF1 has also been shown to be stabilized by an extended

C-terminal region that makes contacts with the coiled coil (33). These observations are

consistent with reports of both MEQ and BZLF1 binding DNA, whereas there is no direct

evidence to support binding of DNA by HBZ (20, 33, 46). K-bZIP has been shown to directly

bind DNA, though it is not clear whether the bZIP domain is involved (47).

Unlike HBZ, K-bZIP and BZLF1, which are found in viruses that infect humans, MEQ is

encoded by an avian oncovirus. Because of the availability of a large number of human, but

not avian, bZIP clones, we wanted to confirm that human bZIPs could be used as a reasonable

substitute for chicken bZIPs. MEQ has been previously reported to interact with both human

and mouse bZIP proteins (20). We also compared human bZIP sequences to chicken bZIP

sequences and found them to be highly homologous (Figure S1). Considering just the coiled-

coil interface positions that are most responsible for interactions (adeg), 85% of direct

orthologues have greater than 90% identity. Additionally, all human bZIP families are

conserved between human and chicken, except DDIT3, which is specific to humans.

Detection of viral-human bZIP interactions

Interactions between human and viral bZIPs were measured using a previously described

protein microarray assay (5,6). The leucine-zipper regions of 33 representative human bZIPs

were purified and printed onto aldehyde-derivatized glass slides along with leucine zippers

from the 4 viral proteins (Table S1). All human bZIP families were represented on the arrays

except for OASISb, which is very similar in its protein sequences and interaction profiles to

OASIS. Each protein was then individually fluorescently labeled and used to probe the arrays

at a concentration of ∼160 nM, unless otherwise indicated. A total of 8 spots on the surface

were used for each measurement. The fluorescence intensity of each spot was corrected for

background, and the averages of the 8 values were converted into a score called Sarray, a Z-

score like measure, as described previously (Table S2) (5).

As in prior studies using this technique, there were several indications that the data are of good

quality. First, interactions observed among human bZIPs (measured simultaneously with the

viral-human interaction data) were highly consistent with previously published data (Figure

S2)(6). Next, each heteromeric interaction was measured twice, once when the first protein

was on the surface and again when it was in solution. Most interactions were observed in both

directions. Further, interactions involving MEQ and HBZ were measured over a large range

of concentrations and gave rise to similar interaction profiles (Figure 2B). Finally, many

interactions observed between viral and human proteins were consistent with prior reports, as

discussed below.
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Most previously reported interactions involving the viral bZIPs were observed on the array

and are indicated by green boxes in Figure 2A. Exceptions are boxed with green dotted lines

in Figure 2A and include the interaction of HBZ with ATF4 and the interaction of MEQ with

FOS. However, the HBZ—ATF4 interaction was reported to be weaker with just the leucine-

zipper region (as was measured on the arrays) than in context of the entire protein (15). Also,

the interaction of MEQ with FOS has been shown to be weak compared to other interactions

of MEQ (17, 20). Several interactions previously reported to not occur were also not observed

to interact on the arrays. These include HBZ self interaction, HBZ—FOS, BZLF1—FOS, and

BZLF1—JUN (14, 48, 49). Both BZLF1 and K-bZIP have been reported to interact with

CEBPA, but not as heterodimers (see Discussion).

Many previously unreported interactions were detected for HBZ. New partners included: MAF

and MAFB, MAFG, ATF2 and ATF7, CEBPG (C/EBPγ), CREBZF, and ATF3. MEQ was

observed to interact with known partners JUND and ATF7. New interactions identified

included MEQ with NFIL3 (E4BP4) and BACH1. Interactions were also observed for MEQ

with DDIT3 and NFE2, but these proteins are not conserved between human and chickens.

DDIT3 is a member of the one human bZIP family that is not found in chickens. The NFE2

family is conserved in chickens but the human NFE2 protein does not have a direct ortholog,

and the member of the family that does have a conserved ortholog, NFE2L1, is not observed

to interact with MEQ.

BZLF1 was observed to self-associate strongly, but not to interact with any human bZIP

peptides (Figure 2A). A BZLF1 construct with the C-terminal extension (BZLF1CT) also did

not interact strongly with any human proteins. This construct gave greater fluorescence signal

when probed against itself than against the version containing just the leucine zipper. BZFL1CT

also showed strong signal at a lower concentration than BZLF1 with just the leucine zipper.

This result is consistent with previous reports documenting stabilities in solution, and further

demonstrates the ability of the arrays to accurately report relative affinities (Figure S3)(34,

50). K-bZIP interacted with itself stronger than with any other protein on the arrays. Weak

interactions were observed with ATF2 and ATF7 when K-bZIP was in solution, but these

interactions were not observed when K-bZIP was on the surface (Figure 2A).

A significant result of this experiment is that the leucine-zipper regions of MEQ and HBZ

participate in multiple interactions with different human bZIPs, while BZLF1 and K-bZIP

display almost exclusive homo-association (Figure 2A). Additionally, MEQ and HBZ each

interact with a unique combination of partners (Figure 2C). HBZ interacts with many of the

same proteins as ATF3 and FOS, but is distinguished by many other strong interactions that

are not made by these proteins, including interactions with both the small and large MAF

families, CEBPG, and CREBZF. MEQ also has a similar profile to human ATF3 and FOS, but

additionally interacts strongly with NFIL3.

Validation of novel interactions of HBZ and MEQ in solution

To validate novel interactions detected on the protein microarrays we tested associations using

circular dichroism (CD). Proteins consisting of the bZIP domain (basic region plus leucine

zipper) were used for these experiments (see Methods, Table S1). For NFIL3, the chicken and

human proteins are identical in this region. For the MAF proteins, the extended homology

region that contains an auxiliary DNA binding domain was included (51). We first tested JUN

for interaction with HBZ and MEQ. JUN has been reported to interact with both MEQ and

HBZ and was also observed to interact with both on the arrays. HBZ and Jun each at 40 μM

were mixed together and the CD spectrum was measured (Figure 3A). Spectra were also

recorded for each protein in isolation. The spectra of each individual protein, as well as the

mixture, had minima at 208 and 222 nm, which is characteristic of coiled coils. The observed

mean residue ellipticity at 222 nm ([θ]222) is consistent with the expected helical content for
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these peptides forming coiled coils, as the leucine zipper accounts for ∼50% of the sequence

(52). The mixture also had increased signal compared to the sum of the individual proteins,

indicating a hetero-association. Similar results were observed for MEQ and JUN (Figure 3B).

We next tested HBZ against the newly identified partners ATF2, CEBPG, CREBZF, MAFG,

and MAFB. Thermal melts monitored by CD were performed with each protein at a

concentration of 4 μM and the mixture at 8 μM. Thermal melts were also carried out for HBZ

with JUN (Figure 3, C-H). Over a large range in temperature, all mixtures had increased signal

over the sum of the spectra for the individual proteins, confirming the interactions. We then

performed thermal melts of MEQ with NFIL3 and with JUN (Figure 3I, J). Again the mixture

had increased signal over that expected for non-interacting proteins. Two pairs not observed

to interact on the arrays, HBZ with NFIL3 and MEQ with MAFB, also were not observed to

interact in solution (Figure 3K, L). Thus, all protein pairs tested in solution agreed well with

the results of the protein array assay.

Characterization of HBZ interactions with human proteins in the presence of DNA

We tested whether HBZ could prevent its human bZIP interaction partners from binding DNA

and/or whether heteromeric HBZ complexes could themselves bind DNA. MAFB and MAFG

were tested in a gel-shift assay using a MARE site (40). Both bound MARE DNA as

homodimers at a concentration of 4 nM, but HBZ did not bind even at a 100-fold higher

concentration. Surprisingly, when highly purified HBZ at increasing concentrations was mixed

with a constant concentration of either highly purified MAFB or MAFG, an additional shifted

band of greater mobility appeared (Figure 4A). We inferred that this band included both HBZ

and MAFB or MAFG. To determine whether formation of this complex was dependant on the

basic region of HBZ, a leucine-zipper-only version of HBZ, HBZLZ, was mixed with the MAF

proteins. The amount of MAF protein bound to DNA was decreased, though a higher

concentration of HBZLZ was required. No additional complex was detected (Figure 4B). This

is the first evidence, to our knowledge, that HBZ can directly bind to DNA, and that this binding

depends on the basic region. The stoichiometry and structure of the observed heterocomplex

remain unknown. We also tested whether ATF2 or CEBPG could bind DNA in complex with

HBZ. Both ATF2 and CEBPG at 20 nM were prevented from binding MARE DNA by HBZ,

but no additional band was formed (Figure 4C). CREBZF was not tested in complex with HBZ

on DNA as CREBZF is not known to bind DNA by itself (44).

MAFG also binds to the AP-1 site and was tested for binding in combination with HBZ. In

contrast to the MARE site, HBZ decreased the binding of MAFG to the AP-1 site without

formation of any additional shifted bands (Figure 4D). Both the AP-1 and the MARE sites

contain the core consensus binding site TGA(C/G)TCA. The MAF proteins have an auxiliary

binding domain that is responsible for binding flanking residues of the MARE site (51). At the

middle of the binding site, position 0, the MARE site we used has a C and the AP-1 site contains

a G. To determine if this middle position can affect DNA binding by HBZ:MAFG complexes,

the 0 position in MARE was changed to a G and the same position in AP-1 was changed to a

C. The mutant sites had similar binding properties to unchanged sites, suggesting that the

middle position is not the key element that influences HBZ—MAFG heteroassociation on AP-1

vs. MARE (Figure 4E, F). This suggests that bases flanking the core site are important for HBZ

binding.

Characterization of MEQ and NFIL3 binding to DNA

To determine whether NFIL3 and MEQ could bind DNA as heterodimers we tested several

known bZIP-binding sites. AP-1, also known as TRE, is a site bound by JUN and by FOS-JUN

heterodimer (53). CAAT contains the consensus site for the CEBP family of bZIPs (54). CRE1

and CRE2 are two CRE-like sites that have been previously used in DNA binding studies with
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MEQ and NFIL3 and are each one change away from the consensus CRE site TGACGTCA

(20,42). Also tested was the MDVORI site, which is derived from the origin of replication of

Marek's disease virus. MEQ has previously been shown to bind this site as a homodimer

(20). In a gel-shift assay neither MEQ nor NFIL3 bound strongly to the negative control sites

TFIID or NF-κB at 80 nM. Only MEQ bound strongly to the AP-1 site and only NFIL3 bound

strongly to the CAAT site. Both MEQ and NFIL3 bound the CRE1 and CRE2 sites, though

NFIL3 bound more strongly. For both of these sites there appeared to be some heterodimer

formation, but the predominant species was the NFIL3 homodimer. Interestingly, NFIL3 bound

to the MDVORI site, but weaker than MEQ did. The mixture on the MDVORI site was

composed of primarily MEQ homodimers (Figure 5A).

We also wanted to know if MEQ and NFIL3 could bind a DNA site predominantly as a

heterodimer. Previously it has been shown that heterodimer sites can be constructed by taking

consensus half-sites for each of two interacting bZIPs (55). A DNA site was constructed that

contains the consensus half-sites for MEQ (ACAC) and NFIL3 (GTAA), referred to in Figure

5C and below as MEQ/NFIL3 (20,56). This site has only two changes from the MDVORI site,

at positions +1 and +3. This hybrid site was bound as a homodimer by both MEQ and NFIL3.

NFIL3 bound tighter than MEQ, and when both proteins were mixed, the predominant species

bound to the site was the heterocomplex, with mobility between the two homodimers (Figure

5A).

The MDVORI probe used in Figure 5 was 30 base pairs long, and to further probe the nature

of a MEQ—NFIL3 interaction we tested whether NFIL3 bound at a similar location as MEQ.

Competition gel-shift experiments were performed to test this. MEQ and NFIL3 were

individually incubated with radiolabeled MDVORI site and with cold competitor DNA

encoding either the MDVORI site or a variant of it. Single-base substitutions were made at 10

consecutive positions in the site. Additionally, 2 double substitutions and a triple-mutant site

were constructed. Changes that affected MEQ binding by at least 2-fold were localized toward

the 5′ half of the MDVORI site (Figure 5B). Substitutions that weakened MEQ binding

included -4C, - 3A, and -1A. The change of -2T strengthened MEQ binding. The double mutant

of -3A:-1A decreased binding more than either individual substitution. NFIL3 binding was

decreased by the changes -1A, +1C, +2G, and +4C. The substitutions -3A and +3A increased

binding of NFIL3. Combining -2T and +1C decreased binding further. The changes of -1A

and +2G decreased binding individually, but when both were together in combination with

-3A, the triple mutant had no decrease in binding (Figure 5B). These 13 altered sites were also

tested for direct binding to MEQ and NFIL3 and the results were consistent with the

competition binding experiments (Figure S4). Additionally, significant heterodimer formation

by MEQ and NFIL3 was observed on the +3A site, consistent with results using the hybrid site

in Figure 5A (Figure S4). Several things are apparent from this experiment. First, mutations

on the 5′ side of the site affect binding to MEQ, while those toward the 3′ end, and at the last

two positions of the left half-site, affect binding to NFIL3. Second, most DNA base changes

have differential effects on the binding of MEQ and NFIL3, demonstrating they indeed have

different binding specificities. Third, MEQ and NFIL3 bind at a similar location on the

MDVORI DNA site.

Generation of a specific inhibitor of MEQ dimerization

Specific inhibitors of bZIP interactions could provide valuable tools for elucidating function

and could potentially serve to validate transcription factors as therapeutic targets. To generate

a specific peptide to bind MEQ, that could potentially act as a dominant-negative inhibitor, we

used a recently published computational design method called CLASSY (5). CLASSY was

used to automatically design a peptide sequence predicted to bind MEQ but to have minimal

binding to any human bZIP or to itself. The designed 42-residue anti-MEQ peptide was tested
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for its ability to bind MEQ using bZIP protein arrays including anti-MEQ, MEQ, and a panel

of 32 human bZIPs (these included all the human peptides tested previously except DDIT3,

which is specific to humans). Anti-MEQ bound MEQ stronger than any human protein (Figure

6A). The other proteins that anti-MEQ bound strongest are the ATF2 family proteins ATF2

and ATF7, followed by JUN and BATF3. Even at the highest concentration tested, 2000 nM,

anti-MEQ bound MEQ and the ATF2 family proteins preferentially to other bZIPs. Anti-MEQ

was not observed to interact with itself on the arrays. These results demonstrate that anti-MEQ

is specific for binding to MEQ.

To compare the stability of the anti-MEQ—MEQ complex with that of other MEQ interactions,

we probed MEQ against an array including MEQ, anti-MEQ, and the panel of 32 human

peptides. MEQ interacted with anti-MEQ as strongly as it interacted with JUN, which was

MEQ's strongest human interaction partner observed on the array (Figure 6A). The three

strongest off-target interactions, ATF2, JUN, and BATF3, were also tested as solution probes.

ATF2 bound anti-MEQ strongly compared to its strongest interactions on the array. In contrast,

JUN and BATF had much weaker interactions with anti-MEQ. Overall these results suggest

that anti-MEQ has high affinity for, and is specific for, interaction with MEQ.

The interaction of MEQ and anti-MEQ in solution was studied using a tag-less version of anti-

MEQ (see Methods). CD spectra showed that anti-MEQ is mostly unfolded at 40 μM, and

when combined with 40 μM MEQ the mixture has more signal than either MEQ or anti-MEQ

alone, indicating an interaction. The mixture also has a spectrum characteristic of a coiled coil

(Figure 6B). Thermal melts of anti-MEQ mixed with either MEQ and ATF2 were performed

at 4 μM of each protein and 8 μM total protein for the mixture (Figure 6C, D). The temperature

of half denaturation (Tm) for anti-MEQ was 12.8 °C, for MEQ was 35.2 °C, and for ATF2 was

36.7 °C. The Tm for anti-MEQ in complex with MEQ was 40.5 °C, and thus the hetero-

association is more stable than either the homo-association of MEQ or anti-MEQ. The Tm of

ATF2 in complex with MEQ was 31.8 °C. JUN, a strong interaction partner for MEQ, has a

Tm in complex with MEQ of 41.3 °C. These results are consistent with the array data. A helical

wheel diagram depicting the predicted interaction geometry of MEQ and anti-MEQ is shown

in Figure 6E. The design has leucine residues at 5 consecutive d-positions, imparting stability

to the complex (57). It also introduces a complementary asparagine residue to interact with an

asparagine at an a-position in MEQ; this interaction is known to favor parallel dimer formation

(58). The e- and g-positions of anti-MEQ are complementary to those in MEQ, and two rather

uncommon cysteine residues at a positions are predicted to lie across from designed alanine

and lysine residues. Lysine at core a positions also favors dimer formation (59). Two lysines

at a positions are complementary to glutamate residues at g position on the opposite helix.

These a-g′ interactions have previously been shown to make important contributions to

specificity (5, 38).

To test whether anti-MEQ could prevent MEQ from binding DNA, 20 nM MEQ was incubated

with increasing amounts of anti-MEQ and then radiolabeled MDVORI DNA was added to the

reactions. Anti-MEQ prevented MEQ binding of DNA, with an IC50 of less than 500 nM

(Figure 7A). Binding of MEQ to AP-1 DNA was also inhibited by anti-MEQ (data not shown).

The experiment was repeated with 20 nM JUN and the AP-1 DNA site. No decrease in JUN

binding was observed even at 12.5 μM anti-MEQ (Figure 7B). The strongest off-target

interaction for anti-MEQ, ATF2, was also tested. At 20 nM ATF2 no decrease in binding was

observed when incubated with anti-MEQ (Figure 7C). At 4 nM ATF2, anti-MEQ decreased

ATF2 binding, but at higher concentrations than required for preventing MEQ binding (Figure

7D). These results show that anti-MEQ can prevent MEQ from binding DNA at a lower

concentration than it inhibits its strongest off-target interaction.
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Discussion

The bZIP transcription factors function by forming homodimers or heterodimers with other

bZIP proteins. In this context, viruses use bZIP proteins in a number of distinct ways that are

illuminated by the systematic study we present here. Several viral bZIPs that have high

sequence identity to host homologues maintain the interaction patterns of the host bZIPs.

Examples include v-FOS, v-JUN, and v-MAF (7-9). The viral bZIPs HBZ and MEQ are not

closely related to any other bZIPs, and they have distinct interaction profiles compared to the

human bZIPs. K-bZIP and BZLF1 are also not highly conserved, but the bZIP domains of these

two viral proteins primarily self-associate.

For MEQ and HBZ, we have uncovered new interactions that suggest possible mechanisms of

action of these proteins. The mechanism of HBZ protein function has been somewhat of a

mystery. The non-canonical basic region of this protein argues against direct DNA binding,

yet HBZ was shown previously to have a strong activation domain, suggesting that it might

function to regulate transcription when complexed with human bZIP proteins and DNA (15,

60). Additionally, HBZ has been shown to stimulate the transcriptional activity of JUND(13).

However, data so far have not supported a direct interaction of HBZ itself with DNA. Here we

present the first evidence that HBZ can directly bind DNA. HBZ can bind a MARE DNA site

with MAFB or MAFG. This binding of DNA is specific and is dependent both on the HBZ

basic region and on DNA that flanks the central binding site. While most bZIPs bind a 4-5 base

pair half site, different flanking regions around an AP-1 site have previously been shown to

have different affinities for binding to JUN/FOS heterodimers (61). The HBZ ternary complex

that we observed on DNA with either MAFB or MAFG was weaker than MAF—DNA

complexes. Also the HBZ—MAF complexes occurred at higher concentrations of HBZ relative

to MAF protein. Because the sequence of the HBZ basic region is unique, it may have a distinct

DNA-binding specificity, and it remains a possibility that higher affinity sites for HBZ in

association with MAF proteins exist.

The MAF proteins belong to two classes: the four large MAF proteins, which contain a

transcriptional activation domain, and the three small MAF proteins that don't. The small MAFs

interact with the NFE2 and BACH families of bZIPs and play a major role in the response to

oxidative stress (62). The large MAF proteins are similar to the JUN proteins in that both are

involved in cell growth and proliferation, both are proto-oncogenes and can cause cellular

transformation, and both have retroviral homologues (63,64). They also have been reported to

share similar downstream targets in inducing cellular transformation (65).

Other proteins we confirmed to interact with HBZ in vitro are CEBPG, ATF2, and CREBZF.

The CEBP family of bZIPs is involved in cell growth and differentiation. CEBPG forms

heterodimers with CEBP family proteins to repress their transcriptional activity (66). ATF2

has been shown to stimulate JUN-mediated cellular transformation (67). CREBZF was

identified as having a role in herpes simplex virus gene expression (68). CREBZF also interacts

with ATF4, a known partner of HBZ (15,44). With ATF2 and CEBPG, it remains to be seen

whether HBZ heterodimers can bind DNA sites, or if HBZ functions primarily by preventing

binding of these partners to target sites. Neither HBZ nor CREBZF have been shown to bind

DNA as homodimers, suggesting that they have intrinsically weaker affinities for DNA and

together would not be likely to bind DNA as a heterodimer. These newly reported partners,

along with other known partners, suggest that HBZ has the potential to impact several different

transcriptional pathways.

It was recently shown that MEQ homodimers alone are not sufficient to induce transformation,

suggesting that heterodimer formation with other bZIPs is necessary (17). JUN has been shown

to be an important MEQ partner, required for cellular transformation mediated by MEQ, but
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it is likely that other interaction partners are also functionally important. Here we identified a

previously unreported bZIP partner, NFIL3, and showed that it can form heterodimers with

MEQ on DNA. NFIL3 was first identified as a transcriptional repressor that bound the

adenovirus E4 promoter, and was later shown to have an activating role associated with anti-

apoptotic activity. NFIL3 is also involved in regulating circadian rhythms (56,69,70). NFIL3

was further shown in the hepatitis B virus to both repress viral gene expression as well as viral

replication (71). In this context, it is interesting that NFIL3 can bind to the MDVORI site as a

homodimer. The MDVORI site from the origin of replication of MDV is also situated between

a bidirectional promoter that MEQ has been shown to repress as a homodimer (20,21). There

may exist functionally significant sites that MEQ and NFIL3 can bind as a heterodimer with

greater affinity than either homodimer. It will be important to determine what role NFIL3 has

on the MDV life cycle, both alone and in combination with MEQ.

Other novel interactions with bZIP families detected on the arrays but not tested further are

HBZ with ATF3, and MEQ with BACH1. Based on the intensity of the fluorescence signal,

these interactions are likely to be weaker than the other interactions tested, but they may be

significant. Also, numerous interactions that we did not assay are highly likely to occur

involving paralogs of the proteins tested here. Although these interactions need to be confirmed

experimentally, most bZIP paralogs are highly similar to each other and have been shown to

share similar interaction profiles (5,6,39).

An interesting result is that the leucine-zipper regions of BZLF1 and K-bZIP preferentially

self-associate. Both proteins are reported to interact with CEBPA, but this pairing was not

observed in our array experiments. Basic residues were required for this interaction in the case

of BZLF1, and both proteins were observed to interact with CEBPA as higher-order multimers

and not as heterodimers (31,32). Our observation that the leucine zippers are not sufficient for

these interactions is consistent with those studies. It is not surprising, given the unique structure

of BZLF1, that it does not form canonical interactions with human BZIPs.

MDV is the first oncogenic virus for which a vaccine was made available to control the disease,

but increasing viral resistance is becoming a real concern to the poultry industry. Further, MDV

has proven valuable as a model oncogenic virus, and deletion and knockdown experiments

have demonstrated the necessity of MEQ for oncogenic transformation (18). It has also been

reported that a virus encoding a MEQ protein that cannot form homodimers or heterodimers

has a complete loss of oncogenicity, suggesting that the function of MEQ could be inhibited

by preventing MEQ from interacting with bZIPs (19). We showed that a computationally

designed anti-MEQ peptide can prevent MEQ from binding DNA in a specific manner,

indicating that anti-MEQ could be a useful reagent for studying the role of MEQ on the

oncogenic properties of MDV. If necessary to achieve higher affinity, the anti-MEQ peptide

could potentially be further stabilized through the addition of an acidic peptide extension that

interacts with the basic region, as has been demonstrated for numerous other coiled coils by

the Vinson laboratory (41).

In summary, we have shown that coiled-coil arrays are a powerful method for broadly

surveying the interaction properties of viral bZIP dimerization domains. Comprehensive

testing for in vitro interactions with all human bZIP families is an important step in exploring

the functions of these proteins. Further, we have validated that several newly discovered viral-

host complexes can bind to DNA, suggesting a mechanism by which viruses hijack cellular

transcriptional control. Determining which of the bZIPs that can associate in vitro also interact

with functional consequences in vivo will be an important next step.
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bZIP basic-region leucine-zipper transcription factor

CD circular dichroism

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

GdnHCl guanidine hydrochloride

HPLC high performance liquid chromatography

IPTG isopropyl β-D-1-thiogalactopyranoside
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Figure 1.

Sequence properties of human and viral bZIPs. (A) A phylogenetic tree was inferred by

neighbor-joining using only the leucine-zipper region of each of the 53 human bZIPs and the

4 viral bZIPs. Viral sequences are boxed. Proteins used to measure interactions are indicated

with a black square. Family names are in bold. The scale bar refers to amino-acid changes per

position. (B) Multiple-sequence alignment of viral bZIPs with representative human bZIPs.

The following are underlined: Highly conserved basic-region asparagine and arginine residues

and conserved leucines in the leucine zippers.
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Figure 2.

Identification of viral bZIP interactions using peptide microarrays. Interactions are displayed

as a color map, as indicated by the scale at right. Family names are listed in the first column

and individual proteins are listed in the second column. (A) Interactions made by 4 viral

proteins, when in solution or on the surface, are shown in columns. The potential interaction

partners are in rows. Each heteromeric interaction is shown twice, corresponding to the two

different ways it could be measured. Observations in agreement with prior studies are boxed

in green; those interactions reported to be weak in the literature are indicated with dashed boxes.

Fluorescently labeled proteins were used at 160 nM in a phosphate buffer that included 1M

guanidine hydrochloride (GdnHCl), except BZLF1 was used at a probe concentration of 1280

nM and K-bZIP was used at a probe concentration of 640 nM in 2.2 M GdnHCl. (B) MEQ and

HBZ interactions at concentrations of 1-1800 nM. (C) Interaction profiles for 6 human proteins

used as solution probes are shown for comparison to HBZ and MEQ solution profiles.
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Figure 3.

Solution measurements of novel interactions for HBZ and MEQ. (A and B) CD spectra at 40

μM for each protein or 80 μM for each mixture at 25 °C. (A) HBZ (open triangles), JUN (open

circles), mixture (dashed line). (B) MEQ (open triangles), JUN (open circles), mixture (dashed

line). (C-L) Thermal melts monitored by CD at 4 μM for each protein or 8 μM for each mixture.

All mixtures are shown in dashed lines. (C) HBZ (open triangles), JUN (open circles). (D)

HBZ (open triangle), MAFB (open circles). (E) HBZ (open triangles), MAFG (open circles).

(F) HBZ (open triangles), ATF2 (open circles). (G) HBZ (open triangles), CEBPG (open

circles). (H) HBZ (open triangles), CREBZF (open circles). (I) MEQ (open triangles), JUN
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(open circles). (J) MEQ (open triangles), NFIL3 (open circles). (K) HBZ (open triangles),

NIFL3 (open circles). (L) MEQ (open triangles), MAFB (open circles).
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Figure 4.

Binding of HBZ and human bZIPs to specific DNA sites assessed by gel-shifts. Homo- and

hetero- complexes formed on DNA are indicated. (A) HBZ can form heterocomplexes with

MAFB or MAFG on MARE DNA sites. The concentration of MAFB was 4 nM, MAFG was

4 nM, and HBZ was 4, 40 or 400 nM. (B) A leucine-zipper-only version of HBZ (HBZLZ)

prevents MAFB and MAFG from binding MARE-site DNA. The concentration of MAFB was

4 nM, MAFG was 4 nM, and HBZLZ was at 4, 40, 400, or 4000 nM. HBZLZ incubated alone

was at 4000 nM. (C) HBZ prevents ATF2 and CEBPG from binding MARE-site DNA. The

concentrations of ATF2 and CEBPG were 20 nM, and HBZ was at 40 or 400 nM. (D) HBZ

prevents MAFG from binding AP-1 DNA. The concentration of MAFG was 20 nM, and HBZ

was at 40 or 400 nM. (E) AP-1-site variant TGACTCA (G0C) was not sufficient for HBZ to

bind DNA with MAFG. The concentration of MAFG was 20 nM with AP-1 G0C and 4 nM

with MARE C0G. The concentration of HBZ was 40 or 400 nM. (F) DNA sequences used in

gel-shift assays; the consensus site is underlined and position 0 is indicated.
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Figure 5.

MEQ and NFIL3 interact and have different but overlapping DNA-binding specificities. (A)

Gel-shift experiments with MEQ and NFIL3. The concentration of MEQ and NFIL3 was 80

nM each or 160 nM total protein for mixtures. Each homodimer and heterodimer is indicated.

(B) Competition gel-shift demonstrates that MEQ and NFIL3 bind to similar regions of an

MDVORI probe, but have differing specificities. Each protein was at 80 nM incubated with

0.7 nM radiolabeled MDVORI DNA. Above each lane is listed the mutation or mutations made

in cold competitor DNA (400 nM). Three individual experiments were quantified, and those

positions that gave ≥ 2-fold changes are indicated (+/- indicate increase/decrease in binding).

(C) DNA sequences used in gel-shift assays; the consensus site is underlined. The positions of

the MDVORI site are numbered.
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Figure 6.

Anti-MEQ binds MEQ with high affinity and specificity. (A) Designed peptide anti-MEQ

characterized using coiled-coil arrays. Color map of arrayscore is shown, with the colors

defined in the scale. Left, anti-MEQ at different concentrations (nM) in solution is listed in

columns, with proteins printed on the surface in rows. Right, MEQ and 3 human bZIPs tested

against anti-MEQ and other proteins printed on the surface. (B) CD spectra at 40 μM for each

protein or 80 μM for the mixture taken at 25 °C. MEQ (open triangles), anti-MEQ (open

circles), and the mixture (dashed line). (C and D) Thermal melts monitored by CD at 4 μM for

each protein or 8 μM for the mixture. (C) MEQ (open triangles), anti-MEQ (open circles), and

the mixture (dashed line). (D)ATF2 (open triangles), anti-MEQ (open circles), and the mixture

(dashed line). (E) Helical wheel diagram predicted for the interaction of MEQ with anti-MEQ.

The complex is depicted as a parallel dimer, and the two helices of the coiled coil are shown

from the N-terminus, with the sequence read clockwise and outwards on each helix. Coiled-

coil heptad positions are labeled. Hydrophobic residues are in black, charged residues are in

red/blue, and polar residues are in green. Potential attractive electrostatic interactions are shown

in dashed blue lines. Diagram created using DrawCoil 1.0.

(http://www.gevorggrigoryan.com/drawcoil/).
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Figure 7.

Anti-MEQ prevents MEQ from binding DNA. Competition gel-shifts with a constant amount

of the indicated protein bound to DNA were titrated with increasing amounts of anti-MEQ.

Concentrations of competitor peptide were 0.02, 0.1, 0.5, 2.5, and 12.5 μM. Labeled DNA was

present at 0.7nM. (A) 20 nM MEQ with MDVORI DNA. (B) 20 nM JUN with AP-1 DNA.

(C) 20 nM ATF2 with CRE2 DNA. (D) 4 nM ATF2 with CRE2 DNA.
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